Abstract: The evolution properties of the near-field evanescent wave scattered from two particles with the ellipsoidal and cylindrical scattering potentials are studied, respectively. Within the accuracy of the first-order Born approximation, the integrations are derived for the scattered fields from these two kinds of particles. It is found that the resultant scattered intensities are closely related to the scattering potential types. Compared with the ellipsoidal particle, the cylindrical one gives rise to less fluctuations of the scattered intensities. It also is shown that the scattered intensity strongly depends on the z-component of the effective radii and summation indices of both particles. Results indicate that the scattered intensity distribution can be tuned by controlling the Effective Radius of Scattering potentials (ERSPs) and summation indices of the medium. The obtained results are useful for determining the structural parameters of tiny particles and molecules by converting the scattering formulas.
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Introduction
Over the past two decades, it has been shown that the intensity of an evanescent wave scattered in the near field is strongly dependent of the 3-D Fourier transform of the dielectric susceptibility of the medium [1] . A scattered evanescent wave, which contains essential information of the medium, decays remarkably with increasing the propagation distance in the near field. In general, the super resolution imaging requires generating a specified near-field intensity profile, hence it has attracted substantial research interests in recent years [2] , [3] . Typical investigations on this topic include the Near-field Scanning Optical Microscopy (NSOM) and Turbo Inversion Recovery Magnitude (TIRM) that both concentrate on solving the inverse-scattering problem in the near zone [4] , [5] . B Particular optical devices, for example, the nanoscale solid immersion lenses and molecular fluorescence microscopy were used to break through the limited image resolution within a sub-wavelength spatial region [6] , [7] . Besides, numerous researches were also done in studying the properties of the evanescent waves scattered from various particles in the near field [8] - [11] . Meanwhile, theoretical work were done for treating the scattering process in different scattering regions. For example, the weak scattering theory, which was frequently applied to study the X-ray scattering from non-absorbing medium, has become a flexible tool for studying the statistical properties of a scattered field, e.g., the spectral density [12] , the degree of polarization and degree of coherence in the far field [13] - [19] . Based on such theory, the first-order Born approximation can be utilized to simplify the formulations while treating the scattering process. To be dependent on the Effective Radius of Scattering Potentials (ERSP) of the anisotropic medium, the spectral density of the scattered field from such medium decays with increasing the propagation distance in the near field [20] . In our previous study, we indicated that the spectrum of a polychromatic, near-zone scattered evanescent wave can be shaped by changing the softness parameter and ERSP of the medium [21] , [22] . Of a particular interest to study the scattering of light by the semi-soft particle, the multi-Gaussian function was employed to model the scattering potential of the particulate medium [23] . Compared with the ERSP effects on scattered properties of light, the summation index of the medium is more suitable for defining the sharpness of a semi-soft particle, despite the fact that it may also produce other influences on the near-field scattered properties [24] - [27] .
Unlike the homogeneous wave, the evanescent wave contains much higher transversal-frequency components and, therefore, carries important information about the scatterer [1] . The intensity of an evanescent wave is so weak that it may not be sensed by ordinary detectors due to the noise interference existed in transmission links. However, it is feasible to convert the evanescent wave into a comparable homogeneous counterpart that is more convenient to be used for measuring structural parameters of the scatterer. Although scientists have tried to solve such problem, however, the scattering of light from particles with specified scattering potentials were only considered for the far-field cases [28] - [31] .
In this paper, we perform studies on the near-field scattering properties of light from the ellipsoidal and cylindrical particles. Analytic expressions are derived for the scattered evanescent fields of which the numerical results are presented for revealing the dependences of the scattered intensity distributions on structural parameters of both particles. It is shown that the scattered intensities behave in different properties along the transversal and longitudinal directions. Furthermore, we find that the scattered intensities are susceptible to the variations of the summation indices and ERSPs of the particles. Our results have potential applications to the near-field imaging technique, especially the determination of structural parameters of tiny particles and molecules by using the near-zone scattered light. To explore the statistical properties of a near-field evanescent wave that scatters from a spatially random or deterministic medium. Within the validity of the first-order Born approximation, the spectral shift of the evanescent wave scattered from a spatially anisotropic medium was shown by using the angular spectrum representation [14] - [16] . For the laser probing in a near-zone scattered field, how to determine the correlation function of the scattering potential of a specific medium becomes the crucial problem.
Near-Field Scattering of Light From the Ellipsoidal and Cylindrical Particles
To begin with, we first consider a monochromatic plane wave that is incident on a spatially deterministic particle. The incident field is assumed to have the unit-amplitude profile U r , ω 0 = exp ik 0 r · s 0 (1) where k 0 = ω 0 /c is the wave number with ω 0 and c being the light frequency and speed of light in vacuum, respectively; r is a position vector; and s 0 is the unit vector that represents the propagation direction of the plane wave. We assume that the interaction between the incident wave and the particle is so weak that the scattering process can be treated by using the first-order Born approximation. In this case, the scattered field from the medium can be represented as the integral form [12] , [13] 
where G( r, r , ω 0 ) is the outgoing Green function in free space, the subscript "D" means that the integration is taken over the scatterer volume, r = ( ρ, z) is a position vector in the scattered field, F( r, ω 0 ) represents the scattering potential of the medium, and it is related to the space-dependent refractive index n( r , ω 0 ) by the notation
The scattering potentials of the particles with the ellipsoidal and cylindrical scattering potentials can be introduced by summing the multi-Gaussian functions that have different effective widths [24] 
Based on (4) and (5), the scattering potential profiles of two particles are shown in Fig. 1 , and the numerical parameters are chosen as λ = 532 nm, σ x = σ y = σ 0 = 0.1 λ. In this paper, we choose the z-component of the ERSPs σ z = σ 1 = σ 0 for representing the isotropic particle and σ z = σ 1 = 1.5σ 0 for the anisotropic case. By changing the ERSPs, such effects on the scattering potential distributions are reflected in Fig. 1 for the particles with different summation indices. By increasing the ERSPs, the scattering potential profile is squeezed toward the z axis. Besides, the increases of the summation indices also modify the edge sharpness of the scattering potentials. In particular, when the summation index M = 1, the scattering potential of the cylindrical particle is symmetric and shows the soft boundary distribution. However, when both M and L are increased in values, the resultant particle boundary exhibits the semi-soft profile. By contrast, when the extreme case M = L = +∞ is concerned, the edge of the particle becomes completely hard.
To obtain the scattered field, we should employ the angular spectrum representation of the plane waves. For such purpose, the Weyl expansion for an outgoing spherical wave is recalled [1] , [12] , [20] - [22] G r , r , ω 0 = exp ik 0 r − r r − r
where r = (x, y, z), r = (x , y , z ), ρ = (x , y , 0), ρ = (x, y, 0). s ⊥ = (s x , s y , 0) is the transversal component of s. The z-component s z has the optional form
Upon substituting from (1) and (6) into (2), the scattered field can be obtained as
where a s ( s ⊥ , ω 0 ) is the spectral amplitude of the scattered field and has the integral form
Alternatively, (9) can also be rewritten as the Fourier transform, namely [1] , [20] - [22] a s e
whereF( − → K, ω 0 ) is the 3-D Fourier transform of the scattering potential of the medium
Upon substituting from (4) and (5) into (10) and taking account the evanescent wave in the near field, then s 2 ⊥ ≥ 1 must be satisfied. As a consequence, the 3-D Fourier transforms of the scattering potentials of the ellipsoidal and cylindrical particles result in the analytic forms, respectively
Upon substituting from (12) and (13) 
The scattered fields from the ellipsoidal and cylindrical particles can be obtained by substituting (14) and (15) 
To further simplify the scattered field expressions, we assume that the scattering potentials of both particles are spatially isotropic, i.e. σ x = σ y = σ 0 . We also change the integral variables in (16) and (17) 
where θ s ⊥ is the azimuthal angle that corresponds with s ⊥ . By recalling the integral formula [32] 2π
and using (18)- (20), the scattered fields can be further simplified to the single integrations over
Equations (22) and (23) are the primary results obtained in this paper. Based on these results, numerical integrations can be performed to show how the intensity distributions of the scattered wave are related to the summation indices and ERSPs of two particles. In the next section, numerical graphs are presented to reveal the effects induced by these parameters on the scattered intensity patterns in the near field.
Numerical Results and Discussions
In this section, the near-zone scattered intensity is studied by performing the numerical integrations to (22) and (23) . Without the loss of generality, we choose σ z = σ 0 for the isotropic particle and σ 1 = σ 0 for the anisotropic one. The summation indices are chosen as M = 1, 3, and 6 for the ellipsoidal particle. For the cylindrical particle, M = L = 3 and M = L = 6 are chosen for simulations, respectively. We choose these parameters for modeling the particle edges that vary from the complete softness to semi-softness. Fig. 2(a)-(c) show the intensity distributions of the scattered wave from the ellipsoidal particle in the near field (z changes from 0.1λ to λ). The summation index is chosen as M = 1 that represents for a completely soft particle. Compared with the on-axis intensity scattered from the isotropic particle (σ 1 = σ 0 ), we notice that the on-axis intensity from the anisotropic particle (σ 1 = 1.5σ 0 ) decays more rapidly with the propagation distance and approaches zero when z = 0.5λ. In Fig. 2(d)-(f) , the transversal intensity distributions are presented at the propagation distance z = 0.2λ. It is interesting to find that the transversal intensity scattered from the ellipsoidal particle exhibits a multi-ring profile. Regardless the ERSPs of the particles change, the central scattered patterns in (d)-(f) occupy the uniform radius ρ = 0.2λ. Such value can be further increased by enhancing the z-component of the ERSPs or propagation distance in the near field. Fig. 3 exhibits the intensity distributions of the scattered wave from the ellipsoidal particle with the semi-soft boundary (M = 3). Compared with the completely soft counterpart (M = 1), it is shown that the semi-soft particle accounts for larger intensity values of the scattered intensities. Furthermore, the multi-ring profiles generated by the semi-soft particle have larger intensity values than those produced by the completely soft one. Fig. 4 displays the intensity distributions scattered from the cylindrical particle with the summation indices M = L = 3. By assuming that two particles have the same parameters, we find that the number of multi-rings of the scattered patterns is less than that in the ellipsoidal-particle scattering case. For the cases where σ z = σ 0 and σ z = 0.5σ 0 are separately concerned, the transversal intensity profiles have only one circular ring. However, if we consider σ z = 1.5σ 0 , the scattered intensity from the cylindrical particle has more than two concentric rings whose radii are larger than those scattered from the ellipsoidal particle. This result indicates that it is feasible to generate the scattered patterns with the desired multi-ring numbers by controlling the ERSPs of the particles. Moreover, one may also accurately determine the ERSPs of a particle if the multi-ring number and scattered intensities can be detected from the near field. Therefore, one may conclude that the anisotropic cylindrical particle (σ z = 0.5σ 0 and σ z = 1.5σ 0 ) is capable to generate the scattered intensity that has smaller value than that in the isotropic particle case (
Figs. 2-4 reveal the dependences of the scattered intensity distributions on the summation indices and ERSPs of two particles. For the purpose of showing the influences of large summation indices on the scattered intensity distributions, Figs. 5 and 6 are plotted to highlight these influences.
From observing Fig. 5 and Fig. 6 , we can notice that the dependences of the scattered intensities on large summation indices are entirely different for two particles. Considering the ellipsoidal particle, the number of multi-rings of the scattered profiles is reduced by increasing the ERSP. By contrast, the number of multi-rings for the cylindrical particle case remains invariant regardless the ERSP varies. Furthermore, it is interesting to observe that the number of multi-rings can be increased by enhancing the anisotropy of the particle, i.e. σ 1 σ 0 is satisfied. Besides above results, we can also compare the obtained phenomena with those concluded in our previous report. We have presented that a particle with adjustable edge boundary has the ability to generate the fluctuating multi-ring scattered intensities in the far field [33] . However, if we compare Figs. 4-6 of this paper with [33, , it is evident that the Gaussian particle with adjustable boundary can produce more numbers of multi-rings that surround tge central intensity apex. This result is due to the fact that the ellipsoidal and cylindrical particles commonly occupy nonsymmetric scattering potential profiles (see Fig. 1 ), which is entirely different from [33, Fig. 1] . As a result, the effective radius of the central intensity apex produced by the ellipsoidal and cylindrical particles is much larger than that induced by the Gaussian particle with adjustable boundary. This is why the number of multi-rings for the ellipsoidal and cylindrical particle cases is smaller than that for the Gaussian particle case. In addition, one can also distinguish from comparing Fig. 5 of this paper with [33, Figs. 5 and 6] , that the values of the intensities scattered from the ellipsoidal and cylindrical particles are much larger than those scattered from Gaussian particles with semi-soft boundaries. In other words, the amplitudes of scattered waves from different types of medium are also different, depending on the softness and sharpness of the particles. These comparative results further indicate that the effects induced by the ellipsoidal and cylindrical shaped particles are unique and entirely differ from the effects revealed in [33] .
So far, we have obtained that the scattered intensity distributions in the near field are different for the ellipsoidal and cylindrical particles. However, both the scattered intensities from two particles can be enhanced by increasing the summation indices M and L. It is shown that the scattered intensity becomes more intensive when the incident wave scatters from a particle with a harder boundary. We also reveal that the decaying ratio of the scattered intensity is affected by the ERSPs of the particles. It should be stressed that the effects induced by the ERSPs are entirely different for two particles. For example, when the propagation distance is increased in the near field, the scattered intensity from the cylindrical particle decays faster than that from the ellipsoidal particle. Compared with the ellipsoidal particle, the intensity scattered from the cylindrical one experiences less fluctuations within any transversal plane. Hence, we conclude that the ERSPs is a crucial factor that influences the decaying ratio of the scattered intensities, so do the summation indices of the particles. Apart from above results, it is also indicated that the ellipsoidal particle with a harder boundary accounts for the scattered intensity that exhibits less fluctuations within transversal planes. By contrast, the cylindrical particle gives rise to less fluctuations of the scattered intensity, no matter how the summation indices and ERSPs vary. The obtained results in this paper are significant for analyzing the near-field properties of the scattered waves from tiny particles and molecules, for instance, micro-sized cells of biological tissues. Furthermore, our findings may provide potential applications to the determination of structural parameters of an unknown scatterer. Based on (22) and (23) derived in this paper, the ERSPs or summation indices of the particles can be obtained by arranging the scattering formulations.
Conclusion
In summary, the near-zone evanescent fields scattered from two types of medium, namely the ellipsoidal and cylindrical particles, are derived in integral forms, respectively. Based on the derived formulas, numerical integrations are performed to reveal the dependences of the scattered intensity distributions on the ERSPs and summation indices of the particles. It is shown that each type of particles induces a different scattering effect on the near-field intensity even if identical parameters are chosen for two particles. We also compare the decaying ratios of the scattered intensities for the ellipsoidal and cylindrical particles. Our results are useful for distinguishing particles with different boundaries. By using the method introduced in our paper, it is flexible to obtain the ERSPs and summation indices of particles by arranging the derived scattering formulas.
